Obesity in Pediatric ALL Survivors: A Meta-Analysis abstract BACKGROUND AND OBJECTIVE: Previous studies of survivors of pediatric acute lymphoblastic leukemia (ALL) have drawn heterogeneous conclusions regarding the prevalence of obesity and risk factors for developing obesity in pediatric ALL survivors. We sought to determine the prevalence of obesity in pediatric ALL survivors and examine risk factors for obesity through a systematic review and meta-analysis.
Acute lymphoblastic leukemia (ALL) is the most common pediatric cancer, accounting for ∼25% of cancers diagnosed in children aged ,20 years. 1 More than 80% of the children diagnosed with ALL survive $5 years. 2, 3 This success has translated into a growing population of long-term survivors of pediatric ALL. However, cancer treatment is associated with late effects that substantially contribute to morbidity and mortality of the survivors. 4 One increasingly recognized late effect is obesity. Obesity contributes to the already elevated rate of chronic health conditions affecting pediatric ALL survivors. 5 Although previous studies have demonstrated a high prevalence of obesity in pediatric ALL survivors, most comprised a small sample size, and the definition of obesity varied across studies. In addition, the association of obesity with various treatment and patient characteristics has been inconsistent. Some studies [6] [7] [8] demonstrated an increased rate of obesity associated with cranial irradiation therapy (CRT), but others did not. [9] [10] [11] With the decreasing use of CRT by cooperative groups, it remains unclear whether intrathecal and systemic chemotherapy alone are associated with obesity in pediatric ALL survivors. Female gender and a young age at diagnosis were predictors for obesity in some [10] [11] [12] [13] [14] but not all studies. 7, 9, 12, 15, 16 The rate of obesity may also vary by interval from cancer diagnosis. A better understanding of treatment and patient characteristics associated with obesity is needed to guide best clinical care and to inform targeted intervention.
We performed a systematic review and meta-analysis of the prevalence of obesity in pediatric ALL survivors. The primary aim of this study was to systematically evaluate whether survivors of pediatric ALL are more obese than those without cancer. A secondary aim was to explore whether the prevalence of obesity differs by receipt of CRT, gender, age at diagnosis, and interval since treatment completion.
METHODS
We followed the Preferred Reporting Items for Systematic Review and MetaAnalyses statement for reporting our results. 17 A protocol was developed before the conduct of the systematic review and submitted to PROSPERO, an international prospective register of systematic review protocols. 18 
Literature Search
We searched MEDLINE from inception through January 29, 2013 , to identify studies that investigated obesity in ALL patients or survivors. We used medical subject heading and text words related to obesity ("obesity," "weight," "body composition," "growth," etc) in combination with survivors ("survivors," "remission," "disease-free survival," etc) and ALL ("acute lymphoblastic leukemia," "leukemia," "precursor cell lymphoblastic leukemia-lymphoma," etc). We consulted a research librarian in specifying the search and searched reference lists of eligible studies and relevant narrative reviews to identify additional studies that met inclusion criteria. Although we did not set any language restrictions for our MEDLINE search, we did not screen studies without abstracts available in English.
Eligibility Criteria and Study Selection
Two authors (FFZ and MK) independently screened the titles and abstracts to identify potentially eligible studies using the software Abstrackr (http:// www.cebm.brown.edu/software). Discrepancies were jointly reviewed to reach consensus. These 2 authors then independently screened the full texts of the identified studies to determine which were eligible for review. Studies were eligible if they met the following criteria: (1) were research articles published in peer-reviewed journals; (2) included $10 patients who were diagnosed with ALL before age 21 years and who had completed active treatment at the time of the assessment; (3) either assessed prevalence of overweight/obesity, BMI, BMI z score, BMI percentile, or percentage of body fat by using dual radiograph absorptiometry; and (4) compared overweight/ obesity among ALL survivors to a reference population (eg, the 2000 Centers for Disease Control and Prevention growth reference 19 ) or an external control group (eg, sibling controls). We excluded review articles, case reports, and studies that assessed only weight or only height as the outcome, as well as studies that did not involve comparisons to a reference population or a control group. We also excluded studies that assessed survivors who received hematopoietic stem-cell transplantation based on the rationale that hematopoietic stem-cell transplantation survivors might experience a different pattern of growth compared with other ALL survivors.
Data Collection and Extraction
Two authors (FFZ and MK) extracted data, and each verified the other' s extracted information. Discrepancies were resolved by consensus. For each eligible study, we extracted the following information: (1) author, year, and country of publication; (2) characteristics of the study population (sample size, treatment period, age at diagnosis, age at study evaluation, years since diagnosis, and percentage receiving CRT); (3) study design (crosssectional versus longitudinal); (4) type of control used (external control versus normative control and the source of control); (5) outcome measured (BMI, BMI z score, BMI percentile, percentage of body fat, percentage of body fat z score, prevalence of overweight or obesity); and (6) primary findings (overall findings as well as findings by gender and by CRT when available). For those survivors who were children and adolescents at evaluation, BMI z score or BMI percentile was calculated based on age-and gender-specific BMI cutoffs of a reference population because BMI normally changes with age and varies by gender. 20 The BMI z score indicates the number of SDs the measurement is away from the age-and gender-specific mean value in the reference population. A BMI z score .0 or BMI percentile .50th indicates a higher-than-average BMI.
Assessment of Study Validity/ Quality Assessment
There is no standard scale to assess quality in observational nonrandomized studies. 21, 22 To describe study-level characteristics associated with obesity in ALL survivors, we modified the Newcastle-Ottawa Scale 23 and created a checklist including the following: whether the study adequately described the survivors' ages at study evaluation, gender distribution, treatment protocols and years at diagnosis, whether the study appropriately selected the reference population or external controls, whether the study clearly defined the obesity outcome, whether the study provided the SD, SE, confidence interval (CI), or P value for the outcome, and whether the study performed subgroup comparisons by CRTand by gender. Longitudinal studies were additionally evaluated to determine if the length of follow-up was stated, and whether sample size at follow-up was provided (Supplemental Table 4 ).
Statistical Analysis
We performed meta-analysis for 20 studies that reported the mean BMI z score and its SD in a cohort of 1742 survivors of pediatric ALL. These survivors had completed treatment within 10 years at the time of study evaluation. 8, 12, 13, 16, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Only 2 studies 14,40 examined BMI z score assessed $10 years after the completion of treatment (ie, off treatment $10 years). Because neither study reported SD/SE of the BMI z score, the meta-analysis did not include survivors who were off treatment beyond 10 years.
We obtained summary BMI z scores using an inverse variance random effects model. 41 For longitudinal studies, we included the outcome with the longest follow-up. Thirteen studies explicitly reported the mean BMI z score for the overall cohort. For the remaining 7 studies, the mean z score was calculated in the following ways: as a weighted average based on subgroup values (n = 5), 29, 33, 34, 37, 38 estimated based on median and range (n = 1), 39 or calculated based on the BMI z score at diagnosis and the change in BMI z score from diagnosis to study followup (n = 1). 36 Ten studies explicitly reported the SD/SE of the BMI z score. For the remaining 10 studies, the SD was either calculated as a pooled SD based on subgroup values assuming equal variance (n = 5), 29, 33, 34, 37, 38 calculated from the 95% CI (n = 2), 16, 27 estimated from median and range (n = 1), 39 obtained directly from study authors (n = 1), 30 or estimated based on the SD at diagnosis and SD for the change in BMI z score from diagnosis to study evaluation (n = 1). 36 To explore the association between patient and treatment characteristics and obesity, we performed subgroup meta-analyses separately by receipt of CRT, gender, and interval since treatment completion. We also performed sensitivity analyses to assess the robustness of our findings. First, we performed the analysis after excluding 7 studies 29, 33, 34, [36] [37] [38] [39] for which the mean BMI z score or its SD was not explicitly reported or could not be calculated based on subgroup values (for mean BMI z score) or 95% CIs (for SD of BMI z score). We also repeated the analysis after excluding 7 longitudinal studies that did not report sample size of survivors at the follow-up evaluation, 8, 12, 29, 33, 34, 36, 38, 42 for which we substituted it with the sample size reported at cancer diagnosis assuming loss to follow-up was random. In addition, we performed a "leave-one-out meta-analysis" to evaluate the impact of individual studies on the summary estimates. 43 We assessed between-study heterogeneity by using Cochran' s Q statistic 44 and the I 2 index. 45 The Cochran' s Q statistic tests whether there is heterogeneity between the individual study estimates in a meta-analysis and follows a x 2 distribution. The Cochran' s Q was considered statistically significant at P Q , .1. The I 2 index represents the proportion of between-study heterogeneity that is beyond chance, ranging between 0% and 100%. Higher values indicate greater inconsistency across studies. All analyses were conducted by using Stata version IC/12.1 (Stata Corp, College Station, TX) and OpenMeta-Analyst (http://www.cebm. brown.edu/software). Statistical significance was defined as a 2-sided P value , .05 for all tests except those for heterogeneity.
RESULTS

Included Studies
Our initial search identified 1164 studies. After screening titles and abstracts, 70 studies were considered potentially eligible and were retrieved for full text review. Of these, 29 were excluded and 41 were eligible for this systematic review. Six additional studies were identified by a search of the reference lists. As a result, the systematic review included 47 studies reporting on 9223 pediatric ALL survivors for this systematic review (Fig 1) . Tables 1, 2, and 3 summarize the characteristics of the eligible studies. The tables are divided by the length of time from completion of treatment to time at which the survivors were assessed.
Meta-Analysis of BMI z Scores
Twenty studies provided data for mean and SD of BMI z score and were included in the meta-analysis. The overall BMI z score in 1742 pediatric ALL survivors off treatment ,10 years was 0.83 (95%: 0.60-1.06; Fig 2) , which correspond to the 80th BMI percentile, suggesting that pediatric ALL survivors have significantly higher BMIs than children of same age and gender in the reference population. The mean BMI z score of pediatric ALL survivors was also higher than the mean BMI z score of children aged 8 to 18 years examined at the 1999-2004 NHANES, ranging between 0.4 and 0.6. 46 However, there was substantial betweenstudy heterogeneity (I 2 = 96%; P Q , .01). Subgroup meta-analyses demonstrated that both survivors within 5 years from the completion of treatment (ie, off treatment ,5 years) and those at 5 to 9 years from the completion of treatment (ie, off treatment 5-9 years) had a significantly higher BMI z score compared with reference populations; the BMI z score in 1391 survivors off treatment ,5 years was 0.89 (95% CI: 0.60-1.18), and the BMI z score in 755 survivors off treatment 5 to 9 years was 0.64 (95% CI: 0.38-0.90). Survivors also had a higher than average BMI regardless of receipt of CRT or gender (Fig 3) .
Sensitivity Analysis
Sensitivity analysis demonstrated that BMI z score remained unchanged in ALL survivors after excluding studies that did not explicitly report the mean and/or SD of the BMI z score (0.7, 95% CI: 0.5-1.0) or after excluding studies that did not report the sample size of survivors at the follow-up (0.8, 95% CI: 0.5-1.1). Consistent BMI z scores were observed in the leave-one-out metaanalysis, ranging from 0.8 to 0.9 (Supplemental Fig 4) .
Assessment of Quality and Reporting
All 47 studies clearly defined the obesity outcome. Most studies clearly stated survivors' age (89.4%) and gender dis- Table 4 ).
Prevalence of Obesity in Pediatric ALL Survivors
Many studies did not report a BMI z score but reported prevalence of overweight or obesity in pediatric ALL survivors (Tables 1-3 ). This is particularly true for survivors who were offtreatment .10 years, as many had reached adult age at the time of assessment. Five studies directly compared the BMI of the survivors with the external controls. These studies either reported similar ranges of BMI between survivors (24.0-27.4) and controls (23.7-27.1) 7, 15, 47, 48 or reported only slightly higher BMI in survivors than in controls (27.9 vs 26.8). 6 Although different definitions were used to assess obesity, there was a consistently high prevalence of overweight/obesity in both recent and long-term survivors. The prevalence of overweight/obese survivors exceeded 40% in 11 studies that included pediatric ALL survivors off treatment ,5 years (mean/median age = 7.3-15.2 years) 27, 28, 32, 34, [49] [50] [51] (Table 1 ). The prevalence of overweight/obesity ranged between 29% to 69% in 14 studies that Age at study and year since Dx are the mean or median as reported or estimated based on the reported age at diagnosis and duration of follow-up (the mean duration of treatment was estimated to be 2.5 y if not indicated by the study). 59 that reported a prevalence of obesity of 8% ( Table 2 ). The prevalence of overweight/obesity was fairly consistent in 5 studies that evaluated pediatric ALL survivors off treatment $10 years (mean/median age = 20.5-24.1 years), ranging from 34% to 46% 7, 14, 40, 60, 61 (Table 3) .
Obesity in Pediatric ALL Survivors by Patient and Treatment Characteristics
CRT Consistent with the evolution of treatment protocols over time, earlier studies tended to include a higher percentage of ALL survivors treated with CRT than did recent studies. Four studies 8, 29, 33, 38 reported separate BMI z scores for survivors treated with and without CRT, 3 studies 34, 35, 39 included exclusively survivors treated with CRT, and 7 studies 12,13,24,26,27,32,37 included exclusively survivors treated without CRT. On the basis of these 14 studies, the BMI z score for the 478 survivors treated with CRT was 0.9 (95% CI: 0.5-1.3), and the BMI z score for the 830 survivors treated without CRT was 0.7 (95% CI: 0.4-0.9; Fig 3) .
Nineteen studies assessed whether the prevalence of overweight/obesity in ALL survivors differed with receipt of CRT and the findings were inconsistent. Ten studies reported a higher prevalence of overweight/ obesity or a higher BMI z score in survivors treated with CRT compared with those treated without CRT, [6] [7] [8] 14, 48, 50, 57, 58, 62, 63 and 9 studies did not find a difference. [9] [10] [11] 28, 31, 36, 40, 49 Gender On the basis of the 10 studies that reported separate BMI z scores for male and female ALL survivors, the BMI z score of the 450 female survivors was 1.0 (95% CI: 0.7-1.4) and the BMI z score of the 489 male survivors was 0.7 (95% CI: 0.3-1.1; Fig 3) .
Among the 22 studies that assessed the prevalence of overweight/obesity by gender, 7 reported a higher prevalence of obesity in female than in male survivors. 10, 11, 14, 34, 47, 51, 60 However, the other 15 studies did not find evidence of a gender difference. [6] [7] [8] 12, 15, 28, 31, 33, 36, 38, 47, [52] [53] [54] 62 FIGURE 2
Meta-analysis of BMI z score in survivors of pediatric ALL. dx, diagnosis.
FIGURE 3
Meta-analysis of BMI z score in survivors of pediatric ALL by interval since treatment completion (off treatment ,5 years vs 5-9 years), receipt of CRT (treated with CRT versus treated with no CRT), and gender (male versus female survivors).
Chemotherapy
A few studies examined whether dose or type of glucocorticoids affected obesity. One study reported a sixfold increased risk of obesity with the highest cumulative dose of glucocorticoids, 28 whereas 2 other studies reported no dose effects of glucocorticoids. 8 Two studies reported a higher prevalence of obesity associated with the use of dexamethasone compared with the use of predinosone. 38, 62 Three studies did not observe a significant difference in obesity 49, 61, 64 between the 2 glucocorticoids.
Age at Diagnosis
Eleven studies evaluated whetherage at diagnosis had an impact on obesity in ALL survivors. Five studies reported a higher prevalence of obesity in association with a young age at diagnosis. 6, [10] [11] [12] 36 It should be noted, however, that the method of defining a young age at diagnosis varied across studies. Six studies did not find an effect of age at diagnosis. 8, 9, 16, 28, 52, 54 Weight Status at Diagnosis A few studies also evaluated weight status at diagnosis, but the evidence is inadequate to warrant a conclusion. Four studies reported that being overweight/obese or having a high BMI z score at diagnosis was associated with a high prevalence of obesity. 10, 30, 51, 52 However, 1 study found a low BMI z score at diagnosis predicted obesity after treatment completion. 36 
DISCUSSION
Although a high obesity rate has been increasingly recognized in pediatric ALL survivors, individual studies have varied appreciably by interval from cancer diagnosis and treatment protocols used for survivors. To our best knowledge, our study is the first systematic review that synthesized the literature in the past 35 years, demonstrating that obesity is prevalent in pediatric ALL survivors. The summary BMI z score in 1742 pediatric ALL survivors corresponds to the 80th BMI percentile, suggesting pediatric ALL survivors have a substantially higher BMI than the standard reference population. Our systematic review also found that obesity is prevalent in pediatric ALL survivors regardless of receipt of CRT, gender, and age at diagnosis.
The strongest evidence for an increased risk of obesity in pediatric ALL survivors came from studies that evaluated survivors who were off treatment ,5 years (ie, recent survivors) and were children and preadolescents at the time of study evaluation. This was followed by studies that evaluated survivors who were off treatment 5 to 9 years and were mostly adolescents at the time of the study evaluation. A relatively smaller number of studies examined the prevalence of obesity in long-term survivors, that is, survivors who were off treatment $10 years. The largest study was the Childhood Cancer Survivors Study, which compared the BMI of 1451 ALL survivors to 2167 siblings and reported an overall similar BMI in survivors and siblings, 6 although subgroup differences were also identified. Additional evidence is needed to determine whether obesity is persistent in long-term ALL survivors.
Previous studies have attributed obesity to CRT provided to patients to prevent central nervous system relapse. 7 However, since the 1990s, central nervous system prophylaxis with CRT has gradually been replaced by intrathecal and systemic chemotherapy. Although survivors who received CRT have a slightly higher BMI z score than survivors who received chemotherapy alone, the difference is small and nearly half of the studies did not support a difference in obesity rate by receipt of CRT. In particular, for ALL survivors treated under modern protocols that do not involve CRT, a high prevalence of obesity is also observed. These results suggest that ALL survivors have an elevated risk of being overweight/obese regardless of receipt of CRT.
Corticosteroids, administered as part of the ALL treatment protocol in longterm cycles, are known to play critical roles in regulating energy intake, storage, and mobilization. Two studies examined energy intake in pediatric ALL patients on maintenance therapy, 65, 66 and both reported a significant increase in energy intake when patients were receiving corticosteroid treatment. However, whether treatment with glucocorticoids has a long-lasting impact on obesity in pediatric ALL survivors is not known. Few studies examined the dose effect of glucocorticoids on obesity, and the current evidence is insufficient to support a link between glucocorticoids dose and obesity in ALL survivors.
Biological mechanisms that modify the risk of obesity by gender and age at diagnosis have been proposed but remain speculative. Female survivors have been found to have a higher prevalence of hyperleptinemia than male survivors, 13,31 possibly due to the continuous increase in leptin and body fatness, which occurs during puberty in girls but not in boys. Genetic variations in leptin receptors have also been associated with obesity in female survivors. 56 This systematic review suggests that female survivors may have a slightly higher BMI z score than male survivors, but the difference was small, and the overall evidence does not support a clear gender effect. The potential impact of cancer treatment on energy balance, although occurring primarily during active treatment, may last beyond the completion of treatment and become permanent. A young age at diagnosis may be a particular sensitive window for the long-lasting impact of treatment on energy regulation. Although a few studies suggested a young age at diagnosis is associated with a high prevalence of obesity in ALL survivors, the evidence remains inconclusive.
Limitations should be considered when interpreting our findings. Our systematic review comprised heterogeneous studies that included survivors from different countries and used different definitions to characterize obesity. Studies were also conducted over a relatively long period of time over which the treatment protocols have changed. We explored this heterogeneity with subgroup analyses and accounted for unexplained variability through random effects models. Our systematic review did not find substantial differences in BMI z scores when comparing subgroups based on patient-and treatment-related characteristics. However, it is possible that true findings between these subgroups exist but that our subgroup analyses were underpowered to detect them.
CONCLUSIONS
Our systematic review suggests that pediatric ALL survivors are more obese than children of the same age and gender in the reference population. The high obesity rate is observed across treatment received, gender, and age at diagnosis, although recent survivors tend to be more obese than long-term survivors. Given that ∼85% of children and adolescents treated for ALL will be cured, our findings have important implications for pediatric oncologists, general pediatricians, and internal medicine/family medicine physicians, all of whom will provide long-term care to this growing population of pediatric ALL survivors. Our findings strongly suggest the need for intensive management of those who are obese, given that ALL survivors are already at increased risk of chronic health conditions. Additional research is needed to elucidate the biologic mechanisms driving the high prevalence of obesity in pediatric ALL survivors, as well as to develop and evaluate interventions targeted at preventing obesity in this at-risk population.
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